Abstract: Adaptation is defined as the process of changing to suit different conditions in the environment. In other words, adaptation is a change in the structure, function or behaviour of the system in order to meet the current context. A ubiquitous system refers to the manner in which computer systems adapt to changes in the physical and virtual environments of computing platforms and communication networks, whilst enabling better interaction between humans and computers. The development and implementation of adaptive systems is rooted in the study of evolution and adaptation in the natural environment; accordingly, new methods have been continuously developed to enable computational adaptation. Adaptive computing is thus generally focused on the rapidly growing areas of, and the increasing demands for, ubiquitous computing and autonomic computing. This study first describes the notion of adaptation, before explaining adaptive systems and discussing adaptation in ubiquitous computing. The adaptation process in adaptive systems that occur in runtime stages is then presented. Moreover, the classification of adaptation is discussed in terms of questions relating to who, why and what, as well as how the adaptation occurs. Finally, different adaptation approaches are demonstrated and compared in order to select the most suitable approach for ubiquitous systems.
INTRODUCTION
Adaptive computing has increased dramatically in recent years and has become one of the most dominant research areas [21] . Computer systems use a variety of techniques to enable software to adapt to existing use and environmental changes [10] . The software structure may be changed during performance in order to correct errors, increase the effectiveness of its procedures, increase fault tolerance, and strengthen computer security . The development and implementation of adaptive systems is rooted in the study of evolution and adaptation in the natural environment; new methods have accordingly been continuously developed to enable computational adaptation.
Adaptive computing is thus generally focused on the rapidly growing areas of, and the increasing demands for, ubiquitous computing and autonomic computing [1] .
Ubiquitous computing refers to the manner in which computer systems adapt to changes in the physical and virtual environments of computing platforms and communication networks, whilst enabling better interaction between humans and computers [14, 4] .
Computer software needs to confront and adjust to numerous highly dynamic obstacles, such as energy consumption, changing security policies, and quality-ofservice in wireless connections [12, 8] .
Autonomic computing relates to how a system can manage and configure itself to achieve high-level goals. It is thus the case that autonomic computing is an important factor in ubiquitous computing [7] [5] . An autonomic computing system has the ability to manage and protect its own resources; this is highly desirable in systems that must continue to operate during exceptional circumstances, such as in transportation systems or finance networks. This requires continues adaptation in the event of hardware component failure, network outages and security attacks [6] .
Therefore, most recent research has aimed to develop the most appropriate adaptation approaches that cover the characteristics of ubiquitous systems. A limited number of studies have examined the approaches to adaptation used in ubiquitous systems. However, this research has not produced optimal approaches and more improvement is needed in order to obtain a suitable role http://dx.doi.org/10.12785/ijcds/060506 http://journals.uob.edu.bh model [13, 17, 18, and 23] . This study therefore aimed to compare the different adaptation approaches presented in this paper in order to highlight the most suitable approaches for ubiquitous systems. This paper presents a taxonomy of adaptation. It is organized as follows: Section 2 presents a brief background and related work on adaptation approaches. Section 3 gives an overview of adaptive systems. Section 4 describes the adaptation process. Adaptation in ubiquitous systems is presented in Section 5. The taxonomy of adaptation is discussed in Section 6. The results and findings are given in Section 7. Finally, the paper summarized in Section 8.
RELATED WORK
The literature shows that various adaptation approaches have been utilized in order to realize dynamic adaptation in software. In the following subsections, three adaptation approaches are presented, known as parameter adaptation, compositional adaptation and action-based adaptation [3] .
A. Parameter Adaptation
This kind of adaptation approach is utilized to affect the behaviour of the system via the amendment of particular variables in the program. A common example of this approach is the TCP protocol, in which its behaviour can be adjusted according to network congestion. Parameter adaptation is used in the area of ubiquitous computing to amend the non-functional properties of a system that are influenced by context related change. For instance, a portable device that has an image render might present low-quality images because of the low bandwidth or low memory size. The system thus adapts its behaviour to the current situation by adjusting particular parameters in the image application in order to meet the requirements of the new situation.
However, having unpredictable context changes in a highly dynamic environment makes it difficult to try to define in advance all the probable contexts (as well as their processes) for non-functional properties. The advantage of the parameter adaptation approach is that it is cheap in terms of implementation effort and complexity, which is why some context-aware systems use this approach [6] .
On the other hand, the parameter adaptation approach is considered an optimal solution in the area of ubiquitous systems; its main disadvantage is that the software components (as well as unimplemented algorithms) that are left throughout the design stage cannot be adapted. In addition, using this approach for such an application, where its behaviour is based on frequent context changes, might lead to several configurable parameters becoming conflicted. Thus, it is very important to adopt a different approach, namely one that helps to reduce the number of parameters.
B. Compositional Adaptation
Another approach to adaptation is a compositional adaptation; this goes further than straightforward codetuning and permits the algorithm or parts of the system structure to be replaced to enhance the program in order to meet the current situation. Compositional adaptation works in environments with unpredictable contexts or requirements and where new adaptation functionality may be required. The most important technologies used in compositional adaptation are thus discussed below:
 Separation of Concerns: in this technology, the segregation of functional from nonfunctional behaviour in terms of development is permitted if the functional behaviour is related to business logic and the non-functional behaviour is associated with the security and quality of service. This mechanism facilitates the development of the system and its maintenance when upgrading the system. Separation of concerns, such as domain-specific languages, constraint languages and generic languages, has been considered a significant principle in the area of software engineering, and is employed in various advanced techniques.  Computational Reflection: this is related to the ability of an application to process new contexts and adapt its behaviour to the current situation. It facilitates the changing of a system's behaviour through expressing the implementation details of the system at an abstract level, devoid of negotiating portability. In this technology, two activities are introduced: introspection and intercession; the former deals with the observation of the system behaviour, and the latter responds to the changes that are captured in the observation stage and then adapt to the new situation.
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C. Action-based adaptation
This kind of adaptation approach is also known as rule-based adaptation. Action-based adaptation is a common approach employed in adaptive systems. It is able to define the self-configuring and self-managing aspects of the system's behaviour that are associated with distributive technologies and networks. This approach relies on the concepts of state and action, where the system at a specific time (t) should move from the current state (S1) to the next state (S2) if all corresponding conditions are true and the transition of the system has to be determined by the action (a). Therefore, the system is directed to adapt to the new situation through using the format of If (conditions), and Then (actions).
Many researchers have used this type of adaptation approach in their work. One common model proposed [24] , developed an adaptation platform for mobile systems; it uses action policies based on an event calculus, which are formulated in the form of conditions and actions that accurately determine the adaptation behaviour of the system. The conditions are defined as logical expressions that may take the value 'true' or 'false', while the actions are defined as the adaptation methods that are performed if the condition is evaluated to be 'true'.
Moreover, the notion of event-action rules has been used in terms of expressing dynamic system reconfiguration. For instance, the DART project [13] uses an adaptation manger that implements adaptation policies, which are activated by particular events created depending on user requirements and system statistics. Thus, each policy is associated with one or more events, and whenever a specific event occurs, the most suitable policies are invoked by the manager, who then executes them. The problem is that many policies might index the same event, which could cause the policies to conflict; in order to solve this problem, appropriate priorities are allocated to each policy.
ADAPTIVE SYSTEM
There are a variety of definitions of adaptive systems, one of the most common of which is that of [9] , which states, "Self-adaptive software evaluates its own behaviour and changes behaviour when the evaluation indicates that it is not accomplishing what the software is intended to do, or when better functionality or performance is possible." The most appropriate definition of a ubiquitous system was given by [15] , who stated that, "Self-adaptive software modifies its own behaviour in response to changes in its operating environment. By operating environment, we mean anything observable by the software system, such as enduser input, external hardware devices and sensors, or program instrumentation" [13] .
The abstract architecture of adaptive systems can be seen in Fig1.
There are different kinds of systems that have linked and similar meanings to the term adaptive system, including self-managing and autonomic systems. However, it is difficult to identify any real differences between these terms, and they are used interchangeably by the majority of researchers. Nevertheless, the distinction an between autonomic and self-adaptive system is that the former is more general, whereas the latter is more restricted, which means that an adaptive system is a special case of an autonomic system [19] .
ADAPTATION PROCESSES
This section presents the adaptation processes that take place during the run-time stages [2] , as shown in 
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The first stage in adaptation is the monitoring process, which involves gathering all the data that are observed by sensors in order to transfer them into behavioural symptoms and models. In this process, all the different questions that occur in the run-time stage are identified, such as where, when and what questions. The realization of this process can be achieved through various means, such as threshold checking and occasion correlation.
The second stage in adaptation is the detecting process, the main role of which is to analyse the symptoms received from the first stage along with the system's history in order to determine a suitable time for the response. Another role of this process is to identify the new destination or state.
The third stage in adaptation is the deciding process, which defines the change that must occur and the most suitable way to effect this change in order to accomplish a satisfactory result. This must be based on certain criteria in order to compare the possible changes in the approaches, such as choosing between different sets of actions.
The final stage in adaptation is the acting process, the main role of which is to perform the special and particular actions that were decided upon by the previous stage, and to manage non-primitive actions via predetermined workflows. The acting process is associated with various questions such as how, when and what to amend.
ADAPTATION IN UBIQUITOUS COMPUTING
Ubiquitous computing adaptation is considered a reactive process in which the adaptation takes place based on a particular circumstance or series of events in the environmental context; the main objective of this adaptation is to improve the quality of the service used by the system user. Therefore, the most significant requirements when an application is to be used in the ubiquitous environment are an ability to sense the surrounding environment and process these changes, and to respond to these changes in an efficient and effective manner [1] .
The most common description for adaptation within ubiquitous computing is taken from the MAPE-K loop developed by IBM. This is often used in the autonomic computing context. Thus, adaptation in ubiquitous computing is considered a closed loop consisting of different phases [11] , as shown in Fig3. The first phase consists of the sensing and processing of context; this phase senses the different user contexts, such as location and user preferences, and the different system contexts, such as light level and temperature. All the gathered data are interpreted in terms of high-level context events in order to consider the various available steps in the adaptation process steps.
The next phase is reasoning and planning; the function of this phase is to process and analyse any new changes to the context that have been captured by the sensors, and to consider the particular type of adaptation required as well as how to accomplish the required objectives.
The final phase in ubiquitous adaptation is adaptation acting; this phase is responsible for implementing the most suitable adaptation approach in order to affect the adaptation decisions in the previous phase (reasoning and planning process).
ADAPTAION TXONOMY
In this section, a graphical illustration of the adaptation taxonomy is presented (in Fig4). This also classifies the adaptation methods using questions relating to who, why, what, and how the adaptation is to take place [22, 16, 23] .
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A. The Why Dimension
The four dimensions of the adaptation classification determine the most suitable adaptation approach. This dimension offers an explanation for the reason behind initiating an adaptation [20] . The required adaptation process can be identified through its objective, which can be categorized as follows:
 Perfective Adaptation: in this case, the adaptation takes place in terms of enhancing the system functionalities, such as improving the service quality, although the system may already be working properly.
 Corrective Adaptation: this type of adaptation is used to eliminate defective performance, changing the system to an updated version that performs the same functions. Many different types of faults occur in decentralized systems; handling such failures is important in order to ensure that the system behaves in the desired manner.
 Adaptive Adaptation: this type of adaptation is used to cope with dynamic changes in the surrounding environment; the system should adapt itself based on the context of its environment in order to improve the quality of service.
 Preventive Adaptation: in this case, the adaptation is used in order to protect the system from possible failures.
 Extending Adaptation: this kind of adaptation is used to expand the scope of the system tasks via introducing new functions as required.
These adaptation classifications can be further categorized based on special issues. For instance, context-aware, customization and mediation adaptation can be inherited from adaptive adaptation.
B. The Who Dimension
The next dimension is the Who dimension, which describes the problem of adaptation based on the perspectives of the various actors (human and software) that are involved in the process of adaptation:  Adaptation Requestor: this represents the stakeholder who determines the requirements for the adaptation of the system.  Adaptation Designer: this actor is responsible for determining the adaptation plan in order to accomplish the adaptation requirements.
 Adaptation Initiator: this is responsible for commencing the system amendments in response to recognized changes.
 Adaptation Executor: this actor is responsible for implementing the adaptation actions that are determined by the adaptation strategy.
C. The What Dimension
In this dimension, the adaptation aims and objectives are classified, and the subsequent elements of this dimension are considered:  Subject of Adaptation: this element identifies the entity that has to be adapted via the process of adaptation.
 Adaptation Aspect: this element considers the special concerns of the adaptation process, such as the quality of the system model (usability, security).
 Adaptation Scope: this element measures the influence of the adaptation process to determine whether the adaptation will be for the short or the long term.
D. The How Dimension
The last dimension of the adaptation taxonomy is the how dimension, which is defined as the means with which to apply and accomplish the adaptation; this can be done by specifying the particular strategic approaches, decision mechanisms and implementation approaches.
 Adaptation Strategies
This is defined as identifying the approach that would best meet the requirements and aims of the adaptation, such as re-binding, re-execution and reconfiguration. The classification of adaptation strategies is based on various characteristics, such as the location of adaptation, the methodology that is to be employed, and the means for specifying the strategy.
Adaptation Methodology: this consists of the timing, the distribution and the adaptation direction, as follows.  Timing is defined as the actual time and duration of the adaptation process. There are two types of adaptation, known as reactive adaptation and proactive adaptation; the former relates to amendments in response to the changes that previously took place, while the latter relates to the adaptation that will take place before the changes actually occur during the actual system operation.
 Direction of adaptation: there are two directions of adaptations, defined as forward adaptation and backward adaptation; forward adaptation uses the adaptation strategy in order to transit the system from its current state to the new 'forward' state to fulfil the adaptation requirements, while backward adaptation reverts the system to the previous state that has already fulfilled the adaptation requirements.
 Distribution of the adaptation: this differentiates between two types of adaptation: centralised adaptation and decentralised adaptation. The former presents the adaptation process occurring centrally, namely on the server side only, while the latter presents the distributed adaptation process, namely on the client side.
Adaptation Specification: this illustrates the notations used for the strategies and actions, demonstrating those strategies in order to specify them. These notations can be implicit; in this case, the adaptation strategies and actions are represented as hardcoded inside the system, based on a predefined plan, and cannot be amended unless the adaptation mechanism is changed.  Action-based specification: in this case, the particular actions are specified to be performed in certain conditions or situations.
 Goal-based specification: this type of specification is responsible for launching objective performance and for enabling the system to define the particular actions that lead to accomplishment of the objectives.
Adaptation action: this represents an action that has been executed in the system in order to adapt to the new situation, based on the current context and to satisfy the adaptation requirements. It determines the adaptation strategy semantics. The classification of the adaptation actions can be presented based on the subject of the adaptation process and its scope, such as retry, substitute service, skip, undo, or choose alternative behaviour.
 Decision Mechanisms
These types of mechanisms are responsible for choosing the most suitable adaptation method for implementing the strategy decision in order to fulfil the adaptation requirements. These mechanisms can be considered in terms of strategy selection: dynamicity and automation.  Dynamicity of decision: this is related to flexibility in choosing the adaptation method to fulfill the strategy. The selection of this decision can be classified into three types of selections, the first of which, static selection, means that the predefined adaptation strategy can be associated with a specified adaptation requirement or condition. The second selection is dynamic selection, which means that the selection of an adaptation strategy will be at run-time and will be based on the current context, information and situation. The last selection is evolution-based, which means that the selection of the adaptation strategy is based on the present http://journals.uob.edu.bh context and as well as all the preceding adaptation, decision and related consequences.
 Automation of decision: this mechanism describes the level of participation of humans in the decision process. This can be entirely automatic, which means no user involvement in decision process or the user selecting as an intervention in the decision process.
 Adaptation Implementation
Adaptation Implementation: this represents the way in which the methodology and adaptation architecture can be realized. It is determined using several mechanisms, such as autonomy implementation, framework invasiveness, realization mechanism and particular characteristics, which permit the approach to be measured.  Autonomy describes human intervention in the execution of adaptation. It can be performed without human intervention (namely autonomously) or with user involvement in the adaptation execution.
 Invasiveness illustrates the adaptation framework based on a strong integration between the framework execution and the adaptation subject. It can distinguish between various cases; first, the integration of adaptation facilities with the subject; secondly, the integration of adaptation facilities with the platform; and lastly, the segregation of adaptation facilities from the adaptation subject.
 Realization mechanisms describe the appropriate facilities and tools that are required to allow the adaptation methodology to apply the adaptation strategy, in order to create the adaptation architecture. This mechanism is based on the specified adaptation problem and the method that is utilized for it.
Adaptation characteristics: these explain various issues that should be satisfied by the adaptation process, such as security and safety, as well as the cost of the adaptation process.
RESULTS AND FINDINGS
This section presents the differences between all the adaptation approaches mentioned above in order to identify the one best suited to the field of ubiquitous computing.
The parameter adaptation approach is suitable for a low-dynamic environment; it can change the system's behaviour by alerting particular parameters that are influenced by context changes. However, this adaptation approach is not appropriate for highly dynamic environments, which must consider all the various types of context that could occur and respond based on those contextual changes. The second adaptation approach is compositional; this is considered a general approach to self-adaptation based on the language of implementation. Based on several studies that have been accomplished through compositional adaptation, it may be argued that compositional adaptation is a powerful approach for two different reasons; the first, in terms of processing level, is its flexibility of reasoning, and the second, in terms of adaptation reaction, is the easy implementation of the dynamic reconfiguration of the system (compositional adaptation allows algorithmic and structural changes).
However, the action-based adaptation approach is considered a good alternative solution; it uses actions in order to adapt to new situations. This type of adaptation approach is more suitable for non-functional requirements, such as security and quality of service. Based on adaptation mechanisms in ubiquitous systems, this type of adaptation approach is preferred; as such systems use adaptation actions to adapt to the current context. The action-based adaptation approach uses conditions and actions; the actions take place if the conditions are evaluated as being false in the adaptation process.
CONCLUSION
In this paper, an overview and background of the taxonomy of adaptation was provided. The background and definitions of adaptive systems in general were also described. Subsequently, adaptation in ubiquitous systems, the adaptation process, and various aspects of adaptation in terms of adaptation approaches, were also discussed. Different adaptation approaches were investigated and compared. The results and findings section shows that the action-based adaptation approach is considered a good alternative solution. It is hoped that this systematic survey and taxonomy will inspire more research into intelligent ubiquitous systems and their interaction with other problems in the ubiquitous system.
